mones regulate cholangiocyte hyperplasia in bile duct-ligated (BDL) rats. We studied whether follicle-stimulating hormone (FSH) regulates cholangiocyte proliferation. FSH receptor (FSHR) and FSH expression was evaluated in liver sections, purified cholangiocytes, and cholangiocyte cultures (NRICC). In vivo, normal female and male rats were treated with FSH or immediately after BDL with antide (a gonadotropin-releasing hormone antagonist blocking FSH secretion) or a neutralizing FSH antibody for 1 wk. We evaluated 1) cholangiocyte proliferation in sections and cholangiocytes and 2) changes in secretin-stimulated cAMP (functional index of cholangiocyte growth) levels, and ERK1/2 and Elk-1 phosphorylation. NRICC were stimulated with FSH before evaluation of proliferation, cAMP/IP3 levels, and ERK1/2 and Elk-1 phosphorylation. To determine whether FSH regulates cholangiocyte proliferation by an autocrine mechanism, we evaluated the effects of 1) cholangiocyte supernatant (containing FSH) on NRICC proliferation and 2) FSH silencing in NRICC before measuring proliferation and ERK1/2 and Elk-1 phosphorylation. Cholangiocytes and NRICC express FSHR and FSH and secrete FSH. In vivo administration of FSH to normal rats increased, whereas administration of antide and anti-FSH antibody to BDL rats decreased 1) ductal mass and 2) secretin-stimulated cAMP levels, proliferation, and ERK1/2 and Elk-1 phosphorylation in cholangiocytes compared with controls. In NRICC, FSH increased cholangiocyte proliferation, cAMP levels, and ERK1/2 and Elk-1 phosphorylation. (8), prolactin (58), and progesterone (25). The cAMP/ERK1/2/Elk-1 signaling has been shown to play a key role in the regulation of cholangiocyte proliferation (18, 20, 24, 27, 37) . For example, whereas increased cAMP levels sustain cholangiocyte growth (20, 24, 27, 37) , decreased cAMP synthesis results in inhibition of cholangiocyte hyperplasia (24, 27, 37) .
number of experimental models of cholestatis [e.g., following bile duct ligation (BDL)] (39) or they undergo apoptosis [e.g., after acute administration of carbon tetrachloride (CCl 4 
)] (41).
Cholangiocyte hyperplasia is regulated by a number of factors including gastrointestinal hormones (24, 46) , cyclic adenosine 3Ј,5Ј-monophosphate (cAMP) (20) , angiogenic growth factors [e.g., vascular endothelial growth factor (VEGF)] (17, 21) and sex hormones such as estrogens (8) , prolactin (58) , and progesterone (25) . The cAMP/ERK1/2/Elk-1 signaling has been shown to play a key role in the regulation of cholangiocyte proliferation (18, 20, 24, 27, 37) . For example, whereas increased cAMP levels sustain cholangiocyte growth (20, 24, 27, 37) , decreased cAMP synthesis results in inhibition of cholangiocyte hyperplasia (24, 27, 37) .
Follicle-stimulating hormone (FSH) is the central hormone of the mammalian reproduction (55) . FSH, also called gonadotropin because it stimulates the gonads, is produced from the anterior pituitary gland of the brain (60) . FSH is a large glycoprotein composed of alpha and beta subunits, similar to those of luteinizing hormone (LH), thyroid-stimulating hormone (TSH), and human chorionic gonadotropin (hCG) (1) . The alpha subunits of FSH, LH, TSH, and hCG are identical, whereas the beta subunit is unique and endows each hormone with the ability to binds to its own receptor (60) . FSH interacts with a receptor protein that has seven transmembrane-spanning domains; its binding is transduced into an intracellular signal via the heterotrimeric G proteins (61) . Following coupling of the FSHR to G␣ s adenylyl cyclase is stimulated, followed by production of cAMP and activation of PKA, which phosphorylates structural proteins, enzymes, and transcriptional activators (32, 66) . Whether the FSH receptor is also linked to G␣ i has not yet been completely defined. In fact, the treatment of Sertoli cells with pertussis toxin (PTX, a G␣ i inhibitor) (29) , an agent capable of removing the tonic inhibitory effects of G␣ i , increases FSH-induced aromatase activity, suggesting that the inhibitory activity of G␣ i may negatively modulate the PKA pathway of signal transduction (30) .
Studies have demonstrated the role of sex hormones in the regulation of the growth of the biliary epithelium (8, 9, 25, 58) . For example, in concert with growth factors, estrogens sustain cholangiocyte proliferation and reduce cholangiocyte apopto-sis (8) . Prolactin is expressed and secreted by cholangiocytes and regulates the growth of female cholangiocytes by activation of Ca 2ϩ /PKC-dependent signaling (58) . Progesterone enhances the proliferative activity of female and male cholangiocytes via autocrine mechanisms, since cholangiocytes possess the enzymatic pathway for steroidogenesis (25) . No information exists regarding the role of FSH and its receptors in the regulation of cholangiocyte functions. We tested the hypothesis that FSH regulates cholangiocyte growth by an autocrine mechanism by changes in the cAMP-dependent phosphorylation of ERK1/2 and Elk-1.
METHODS AND MATERIALS
Materials. Reagents were purchased from Sigma Chemical (St. Louis, MO) unless otherwise indicated. The monoclonal mouse antibody reacting with proliferating cellular nuclear antigen (PCNA), the goat polyclonal antibodies for the FSH receptor (FSHR), the FSH protein (FSH␤), and cytokeratin-19 (CK-19) were all purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The substrate for ␥-glutamyl transpeptidase (␥-GT), N-(␥-L-glutamyl)-4-methoxy-2-naphthylamide was purchased from Polysciences (Warrington, PA). The RNeasy Mini Kit to purify total RNA from purified cholangiocytes was purchased from Qiagen, Valencia, CA. The RIA kits for the determination of intracellular cAMP (cAMP [
125 I] radioimmunoassay, Perkin Elmer Life and Analytical Sciences, Boston, MA) and D-myo-inositol 1,4,5-trisphosphate (IP3) [ 3 H] Biotrak Assay System (TRK1000) levels in purified cholangiocytes were purchased from GE Healthcare (Piscataway, NJ).
Animals. Female and male Fischer 344 rats (150 -175 g) were purchased from Charles River (Wilmington, MA) and maintained in a temperature-controlled environment (20 -22°C) with a 12:12-h lightdark cycle. Animals were fed standard rat chow ad libitum and had free access to drinking water. The experimental groups used in the studies are shown in Table 1 . To evaluate the in vivo effect of FSH on cholangiocyte functions, normal female and male rats were treated by intraperitoneally implanted Alzet osmotic minipumps (Alzet, Palo Alto, CA) releasing 0.9% NaCl or FSH in 0.9% NaCl (1.0 g/day) (51) for 1 wk. We also assessed the effect of chronic (1 wk) in vivo administration (by intraperitoneally implanted Alzet osmotic minipumps) of nonimmune serum, polyclonal neutralizing FSH antibody (300 g/day) (47), or antide (4.8 g/day) (57) to female or male BDL (immediately after surgery) (3) rats on cholangiocyte growth. Before each experimental procedure, animals were injected with pentobarbital sodium (50 mg/kg body wt ip) following the regulations of the panel on euthanasia of the American Veterinarian Medical Association and local authorities. All protocols were approved by the Institutional Animal Care and Use Committee of Texas A & M Health Science Center, Temple, TX.
Purification of cholangiocytes and hepatocytes. Pure cholangiocytes (by ␥-GT histochemistry) (52) were isolated by immunoaffinity separation using a monoclonal antibody (IgM, kindly provided by Dr. R. Faris, Brown University, Providence, RI) that recognizes an unidentified antigen expressed by all intrahepatic cholangiocytes (33) . Cell number and viability (greater than 97%) were assessed by standard Trypan blue exclusion. The in vitro experiments were performed in rat intrahepatic cholangiocyte cultures (NRICC) (4) from normal male rats; NRICC from female rats are not currently available. NRICC (which display morphological, phenotypic, and functional phenotypes of freshly isolated cholangiocytes) (4, 25) were maintained in culture as described (4) . Pure hepatocytes were isolated by standard techniques (33) .
Evaluation of follicle-stimulating hormone receptor expression. The presence of FSHR was evaluated by 1) immunohistochemistry in liver sections (4 -5 m thick) from the groups of Table 1 ; 2) real-time PCR in total RNA (0.75 g) from cholangiocytes, hepatocytes, or NRICC; and 3) immunofluorescence in smears of male NRICC. Liver sections were incubated overnight at 4°C with antibody for FSHR (1:50), washed in PBS, incubated for 20 min at room temperature with a secondary biotinylated antibody (Dako Cytomation LSAB Plus System-HRP, Glostrup, Denmark), then with Dako ABC for 20 min and developed with 3-3Ј diaminobenzidine (Dako Cytomation Liquid DAB Plus Substrate Chromogen System). For all immunoreactions, negative controls were included. Immunohistochemical observations were taken by BX-51 light microscopy (Olympus, Tokyo, Japan) with a Videocam (Spot Insight; Diagnostic Instrument, Sterling Heights, MI) and processed with an Image Analysis System (IAS; Delta Sistemi, Rome, Italy). For immunofluorescence, NRICC were seeded on coverslips in a six-well plate (500,000 cells/well) and allowed to adhere overnight. Immunofluorescence was performed as described (15) by using a primary antibody for goat anti-FSHR (1:50) diluted in 1% BSA (in PBS- Tween 20) . Images were visualized by use of an Olympus IX-71 confocal microscope. To evaluate the message expression of FSHR in purified cholangiocytes, hepatocytes, or male NRICC, we used the RT 2 Real-Time assay from SABiosciences (Frederick, MD) as described by our laboratory (19) . A ⌬⌬CT (delta delta of the threshold cycle) analysis was performed (19) using normal cholangiocytes as the control sample. The primer for FSHR (purchased from SABiosciences) was designed according to the NCBI GenBank Accession number NM 199237 (62) . Data were expressed relative mRNA levels Ϯ SE of FSHR to GAPDH ratio.
Evaluation of liver histology, cholangiocyte apoptosis, and proliferation. We measured liver morphology, necrosis, and portal inflammation (58) in hematoxylin and eosin-stained paraffin-embedded liver sections (4 -5 m thick, 3 sections evaluated per group of animals) from the animals of Table 1 . At least 10 different portal areas were evaluated for each parameter. Liver sections were examined in a coded fashion by BX-51 light microscopy (Olympus, Tokyo, Japan) equipped with a camera. Normal female ϩ0.9% NaCl Normal rats were treated by intraperitoneal implanted Alzet osmotic minipump releasing 0.9% NaCl for 1 wk Normal male ϩ0.9% NaCl Normal female ϩ FSH Normal rats were treated by intraperitoneal implanted Alzet osmotic minipump releasing FSH (1 g/day) for 1 wk Normal male ϩ FSH BDL female ϩ nonimmune serum Immediately after surgery, rats were treated by intraperitoneal implanted Alzet osmotic minipump releasing nonimmune serum for 1 wk BDL male ϩ nonimmune serum BDL female ϩ Antide Immediately after surgery, rats were treated by intraperitoneal implanted Alzet osmotic minipump releasing Antide (4.8 g/day) for 1 wk BDL male ϩ Antide BDL female ϩ anti-FSH antibody Immediately after surgery, rats were treated by intraperitoneal implanted Alzet osmotic minipump releasing anti-FSH antibody (300 g/day) for 1 wk BDL male ϩ anti-FSH antibody BDL, bile duct ligation; FSH, follicle stimulating hormone; NaCl, sodium chloride.
We evaluated cholangiocyte apoptosis by semiquantitative terminal deoxynucleotidyltransferase biotin-dUTP nick-end labeling (TUNEL) (37) kit (Apoptag; Chemicon International, Billerica, MA) in paraffinembedded liver sections (4 -5 m thick, 3 sections evaluated per group of animals). Cholangiocyte proliferation was measured by 1) evaluating intrahepatic bile duct mass (BDM) and the number of PCNApositive cholangiocytes in liver sections (4 -5 m thick, 3 sections evaluated per group of animals) and 2) immunoblots for PCNA protein expression in protein (10 g) from whole cell lysate from cholangiocytes from the selected group of animals. Blots were normalized to ␤-actin (6) . The intensity of the bands was determined by scanning video densitometry using the phospho-imager, Storm 860 (GE Healthcare, Piscataway, NJ) and the ImageQuant TL software version 2003.02 (GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Measurement of cholangiocyte cAMP and IP3 levels and phosphorylation of ERK1/2 and Elk-1 in purified male cholangiocytes. We evaluated basal and secretin-stimulated cAMP levels, a functional marker of cholangiocyte proliferation (26, 27, 40) , and basal levels of IP3, a second messenger regulating cholangiocyte proliferation (19, 44) , in purified male cholangiocytes from the groups of Table 1 . The rationale for using only male cholangiocytes and NRICC (see below) in our studies is based on the facts that 1) the expression of FSHR and FSH is similar between female and male cholangiocytes; 2) the in vivo administration of FSH to normal rats and antide and anti-FSH antibody to BDL rats has similar in vivo effects on cholangiocyte apoptosis and proliferation in female and male animals (see RESULTS); and 3) female NRICC are not currently available.
Following incubation for 1 h at 37°C (7, 18, 20, 24, 40 -42) , cholangiocytes (1 ϫ 10 5 cells) were stimulated at room temperature for 5 min (7, 20, 24, 40, 41) with 0.2% BSA (basal), or secretin (100 nmol/l in 0.2% BSA). Intracellular cAMP and IP 3 levels were measured with commercially available kits (7, 20, 24, 40, 41) . In cholangiocytes, we also measured protein expression of the phosphorylated form (expressed as ratio to total protein expression) of ERK1/2 and Elk-1 by immunoblots (19, 24) . The intensity of the bands was determined by scanning video densitometry using the phospho-imager, storm 860 and the Image Quant TL software version 2003.02.
Effect of FSH on cAMP and IP3 levels, proliferation, and phosphorylation of ERK1/2 and Elk-1 in NRICC.
Following incubation for 1 h at 37°C (7, 19, 24, 27, 40, 41) , NRICC were stimulated at room temperature with 1) 0.2% BSA (basal) or FSH (100 ng/ml with 0.2% BSA for 10 min) in the absence or presence of preincubation with PTX (a G␣i inhibitor, 1 g/ml for 10 min) (29) before evaluation of cAMP (7, 19, 24, 27, 40, 41) , or IP 3 levels (19, 44) (see above).
After trypsinization, NRICC were seeded into 96-well plates (10,000 per well) in a final volume of 200 l of growth medium and allowed to adhere to the plate overnight. Cells were stimulated with FSH (0.1 to 100 ng/ml) at 37°C for 24 h before evaluation of cell growth by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) proliferation assay (an index of changes in cell number) (19, 21) . In separate experiments, NRICC were incubated with 0.2% BSA or FSH (100 ng/ml with 0.2% BSA) at 37°C for 24 h in the absence or presence of preincubation (1 h) with H-89 (a PKA inhibitor, 10 M) (27), PD98059 (a MEK inhibitor, 10 nM) (20) , or PTX (1 g/ml) (29) before evaluation of cell growth by MTS assay. Absorbance was measured at 490 nm by a microplate spectrophotometer (Versamax, Molecular Devices, Sunnyvale, CA). Data was expressed as the fold change of treated cells compared with BSA-treated NRICC.
After trypsinization, NRICC were incubated at 37°C with 0.2% BSA or FSH (100 ng/ml with 0.2% BSA) for 30 and 60 min, 3 and 6 h before evaluation of proliferation by immunoblots for PCNA (normalized to ␤-actin) (23) . In other experiments, NRICC were incubated at 37°C with 0.2% BSA or FSH (100 ng/ml with 0.2% BSA) for 6 h in the absence or presence of preincubation (1 h) with H-89 (10 M), PD98059 (10 nM), or PTX (1 g/ml) before measurement by immunoblots (20, 24) of protein expression for PCNA and phosphorylation of ERK1/2 and Elk-1.
Evaluation of expression and secretion of FSH in cholangiocytes.
We evaluated the expression of FSH by 1) immunohistochemistry (antibody dilution 1:50) in paraffin-embedded liver sections (4 -5 m thick, 3 slides were evaluated per group of animal); 2) real-time PCR in total RNA (0.75 g) from cholangiocytes, hepatocytes, and male NRICC. The primer for FSH␤ (purchased from SABiosciences) was designed according to the NCBI GenBank Accession number NM 001007597 (31); and 3) immunofluorescence (antibody dilution 1:50) in NRICC smears. FSH secretion was measured in short-term cultures (6 h at 37°C) of male NRICC, purified cholangiocytes from the groups of Table 1 , and male hepatocytes by commercially available EIA kits (ALPCO Diagnostics, Salem, NH). To determine whether FSH (secreted by cholangiocytes into supernatant) stimulates biliary proliferation, we treated NRICC for 24 h at 37°C with the supernatant of normal and BDL female and male cholangiocytes (obtained after 6 h of incubation at 37°C) in the absence or presence of anti-FSH antibody (150 pg/ml of supernatant) before measuring cell growth by MTS assays (19) .
Genetic knockdown of FSH in NRICC. The role of FSH in the regulation of proliferation of NRICC was evaluated in subclones that have reduced expression of FSH. These cell lines were established by a method described previously (14) by using SureSilencing shRNA (short hairpin RNA) plasmids (SABiosciences) for rat FSH that also confers resistance to puromycin for the selection of stable transfected cells. Transfected cells were selected by the addition of 5 g/ml puromycin into the media, and the selection process was allowed to continue for 3-4 days. Surviving cells (designated NRICC-FSH) were then assessed for the relative expression of FSH compared with the mock-transfected control cell line (NRICC-puro) by real-time PCR, and the clone with the greatest degree of knockdown was selected for subsequent experiments. The role of FSH in cell growth and apoptosis and cAMP-dependent signaling was determined in these cell lines by immunoblots for PCNA and Bax, a proapoptotic protein (50) , and phosphorylated and total ERK1/2 and Elk-1 in protein (10 g) from whole cholangiocyte lysate.
Statistical analysis. All data are expressed as means Ϯ SE. Differences between groups were analyzed by Student's unpaired t-test when two groups were analyzed and ANOVA when more than two groups were analyzed, followed by an appropriate post hoc test.
RESULTS

Cholangiocytes express the FSH receptor.
Immunohistochemistry in liver sections and real-time PCR in RNA from purified cholangiocytes and hepatocytes show that these two cell types express the protein (Fig. 1A and Table 2 ) and the message (Fig. 1B) for FSHR. Similarly, by immunofluorescence, NRICC express FSHR (Fig. 1C) . The protein expression of FSHR 1) increased in cholangiocytes from normal female and male rats treated with FSH compared with normal cholangiocytes from animals treated with NaCl (Fig. 1, A and B and Table 2 ); and 2) decreased in cholangiocytes from female and male BDL rats treated with antide or anti-FSH antibody compared with BDL rats treated with nonimmune serum (Table 2) .
Measurement of liver histology, portal inflammation, cholangiocyte apoptosis, and proliferation. Hematoxylin and eosin staining of liver sections shows that there were no significant differences in the degree of necrosis, lobular damage, and portal inflammation among the groups of Table 1 (not shown). Administration of FSH to normal female and male rats increased BDM and the number of PCNA-positive cholangiocytes compared with their corresponding NaCl-treated rats (Fig. 2, A and B, and Table 2 ). The administration of antide or anti-FSH antibody to female or male BDL rats decreased BDM and the number of PCNA-positive cholangiocytes compared with their corresponding BDL rats treated with nonimmune serum (Fig. 2, A and B and Table 2 ). The decrease in BDL cholangiocyte proliferation (by antide or anti-FSH antibody) was associated with an increase in the number of TUNELpositive cholangiocytes (Table 2) . By immunoblots, PCNA protein expression increased in cholangiocytes from normal male rats treated with FSH compared with controls ( Fig. 2C) , whereas administration of antide and anti-FSH antibody to male BDL rats decreased PCNA protein expression compared with BDL rats treated with nonimmune serum (Fig. 2C) .
Measurement of cAMP and IP 3 levels and phosphorylation of ERK1/2 and Elk-1 in purified male cholangiocytes. In normal male rats treated with FSH for 1 wk, secretinstimulated cAMP levels of purified cholangiocytes were significantly greater than secretin-induced cAMP levels of cholangiocytes purified from normal rats treated with NaCl (Fig. 3A) . In agreement with previous studies (24, 38) , secretin significantly increased cAMP levels of cholangio- Table 2 . Original magnification ϫ20. B: real-time PCR in purified cholangiocytes from 1) normal female and male rats treated with NaCl or FSH and BDL rats that immediately after surgery were treated with nonimmune serum, antide, or anti-FSH antibody for 1 wk; 2) normal female and male hepatocytes; and 3) NRICC. Data are means Ϯ SE of 3 experiments. Cholangiocytes, hepatocytes, and NRICC express FSHR mRNA. C: immunofluorescence demonstrated that NRICC express FSHR. Specific immunoreactivity of 2 representative fields is shown in red and nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI; blue). No staining was visible when primary antibodies were replaced with nonimmune serum, as shown in the negative control. Bar ϭ 200 m.
cytes from BDL rats treated with nonimmune serum compared with its corresponding basal values (Fig. 3A) . Parallel with decreased biliary proliferation, the administration of antide and anti-FSH antibody to BDL rats blocked secretinstimulated cAMP levels of purified cholangiocytes (Fig.  3A) . Consistent with the notion that FSH effects on cholangiocyte functions are mediated by cAMP signaling, basal IP 3 levels were unchanged (not shown) among cholangiocytes purified from the experimental groups of Table 1 .
The administration of FSH to normal male rats increased the phosphorylation of ERK1/2 and Elk-1 compared with cholangiocytes from rats treated with NaCl (Fig. 3B) . When BDL rats were treated with antide or anti-FSH antibody, the phosphorylation of ERK1/2 and Elk-1 decreased compared with normal cholangiocytes treated in vivo with FSH or to cholangiocytes from BDL rats treated with nonimmune serum (Fig. 3B) .
Intracellular mechanisms of FSH regulation of cholangiocyte proliferation. FSH increased intracellular cAMP (but not IP 3 ) levels of NRICC compared with NRICC treated with BSA (basal) and with PTX (Fig. 4A) . FSH-induced increase in cAMP levels was not prevented by preincubation with PTX (Fig. 4A) ; PTX alone did not change NRICC cAMP levels (Fig.  4A) . FSH significantly increased the growth of NRICC in a time-and dose-dependent manner as shown by MTS assays (Fig. 4B ) and PCNA expression (Fig. 4C) , which was blocked by preincubation with H89 and PD98059 but not PTX (Fig. 4,  B and C) . FSH also increased the phosphorylation of ERK1/2 and Elk-1, which was ablated by preincubation with H89 and PD98059 (Fig. 4D) .
Evaluation of FSH expression by cholangiocytes: role of FSH in the autocrine regulation of cholangiocyte growth.
By semiquantitative immunohistochemistry in liver sections, realtime PCR in RNA cholangiocytes, and immunofluorescence in NRICC, we demonstrated that cholangiocytes express the message and protein for FSH (Figs. 5, A and B and 6, A and B) ; FSH mRNA was also expressed by hepatocytes (Fig. 6, A and  B) . FSH protein expression increased in cholangiocytes from normal female and male rats treated with FSH and from BDL female and male rats compared with normal rats (Fig. 5A and Table 2 ). The administration of antide or anti-FSH antibody to female and male BDL rats decreased cholangiocyte FSH expression compared with cholangiocytes from BDL rats treated with nonimmune serum (Table 2) . We demonstrated that 1) after short-term culture (6 h), normal female and male cholangiocytes and NRICC secrete FSH (Figs. 6, A and B) ; and 2) FSH levels increased in the supernatant of female and male BDL cholangiocytes compared with their corresponding normal cholangiocytes (Fig. 6, A and  B) . FSH secretion increased in cholangiocytes from normal rats treated with FSH compared with normal cholangiocytes (Fig.  6, A and B) . FSH secretion decreased in cholangiocytes from BDL rats treated with antide or anti-FSH antibody compared with cholangiocytes from BDL rats treated with nonimmune serum (Fig. 6, A and B) . When the supernatant (after 6 h of incubation) of BDL female and male cholangiocytes was transferred into Table 1 . Administration of FSH to normal female (A) and male (B) rats enhanced cholangiocyte proliferation as shown by the increased BDM compared with the corresponding value of NaCltreated rats. The administration of anti-FSH antibody or antide to female (A) and male (B) BDL rats decreased BDM compared with the corresponding value of BDL rats treated with nonimmune serum for 1 wk. Original magnification ϫ20. Data are means Ϯ SE of 10 cumulative values obtained from the 3 slides evaluated per each group of animals. C: by immunoblots we demonstrated that protein expression for PCNA increased in cholangiocytes from normal male rats treated with FSH compared with normal rats treated with NaCl, whereas the administration of anti-FSH antibody or antide to male BDL rats decreased PCNA protein expression compared with BDL rats treated with nonimmune serum. Data are means Ϯ SE of 12 blots. *P Ͻ 0.05 vs. cholangiocytes from normal rats treated with NaCl for 1 wk. #P Ͻ 0.05 vs. cholangiocytes from BDL rats treated with nonimmune serum for 1 wk.
plates containing NRICC, we found a significant increase in cholangiocyte proliferation (by MTS), an increase that was partially blocked by preincubation with neutralizing anti-FSH antibody (Fig. 6C) ; a similar but smaller effect was found with normal cholangiocyte supernatant (Fig. 6C) (containing less FSH) . The data support the concept that FSH modulates cholangiocyte growth by an autocrine mechanism.
To provide conclusive evidence for the key role of FSH in sustaining cholangiocyte growth, we specifically knocked down the expression of FSH to 56% of the parental cell line by stably transfecting an FSH shRNA construct (Fig. 7A) . Over the time period studied, the NRICC-FSH cell line had reduced PCNA expression compared with NRICC-puro, further indicating that decreasing FSH expression reduces the proliferative capacity of the cells (Fig. 7B) . Consistent with the concept that FSH is key in sustaining cholangiocyte proliferation, the NRICC-FSH cell line displayed a higher apoptotic activity compared with NRICC-puro cells as demonstrated by increased Bax protein expression (Fig. 7C) . The phosphorylation of ERK1/2 and Elk-1 was reduced in the cell line knocked down compared with the control cell line (Fig. 7D ). The data demonstrate the dependence of cholangiocyte proliferation, apoptosis, and signaling mechanisms on FSH biliary expression. Fig. 3 . A: measurement of basal and secretin-stimulated cAMP levels in cholangiocytes from 1) normal male rats treated with NaCl or FSH for 1 wk; and 2) BDL rats treated with nonimmune serum, antide, or anti-FSH antibody for 1 wk. In normal rats treated with FSH, secretin-stimulated cAMP levels of purified cholangiocytes were significantly greater than secretin-induced cAMP levels of cholangiocytes from normal rats treated with NaCl. Secretin significantly increased cAMP levels of cholangiocytes from BDL rats treated with nonimmune serum compared with its corresponding basal values. The administration of antide and anti-FSH antibody to BDL rats blocked secretin-stimulated cAMP levels of purified cholangiocytes compared with cholangiocytes from BDL rats treated with nonimmune serum. Data are means Ϯ SE of 15 values. *P Ͻ 0.05 vs. the corresponding basal values. #P Ͻ 0.05 vs. secretin-stimulated cAMP levels of cholangiocytes from normal rats treated with NaCl for 1 wk. ns, not significant. B: evaluation of phosphorylation of ERK1/2 and Elk-1 in purified cholangiocytes. The administration of FSH to normal male rats increased the phosphorylation of ERK1/2 and Elk-1 compared with cholangiocytes from normal male rats treated with NaCl. When BDL male rats were treated with antide or anti-FSH antibody, there was a decrease in the phosphorylation of ERK1/2 and Elk-1 in cholangiocytes compared with cholangiocytes from BDL rats treated with nonimmune serum. Data are means Ϯ SE of 6 blots. *P Ͻ 0.05 vs. the phosphorylation of ERK1/2 and Elk-1 of cholangiocytes from normal rats treated with NaCl for 1 wk. #P Ͻ 0.05 vs. the phosphorylation of ERK1/2 of cholangiocytes from BDL rats treated with nonimmune serum for 1 wk.
DISCUSSION
Our study demonstrated that 1) normal and BDL female and male cholangiocytes and polarized NRICC express FSH receptor, without significant differences in the expression of this receptor among the two sexes; 2) chronic in vivo administration of FSH to normal female and male rats induced an increase in cholangiocyte proliferation and secretin-stimulated cAMP levels (a functional index of cholangiocyte growth) (20, 24, 37, 40) , an increase that may also be due to the enhanced expression of FSHR in the biliary epithelium following the administration of FSH; 3) cholangiocyte proliferation and secretinstimulated cAMP levels induced by BDL (3, 24, 38) are decreased by the simultaneous administration of antide or a neutralizing anti-FSH antibody, decreases that are associated with increased cholangiocyte apoptosis and decreased FSHR expression; 4) FSH stimulation of cholangiocyte proliferation is associated with increased cAMP-dependent phosphorylation of ERK1/2 and Elk-1; 5) normal and BDL female and male cholangiocytes and NRICC transcribe and secrete FSH, which were upregulated following BDL both in female and male cholangiocytes; and 6) knockdown of FSH expression decreases cholangiocyte proliferation ERK1/2 and Elk-1 phosphorylation and induces increases in apoptosis.
In animal models of cholestasis as well as in human cholangiopathies, cholangiocytes proliferate or are damaged by apoptosis (3, 5, 9, 18, 21, 22, 24) . In the BDL rat model, which is widely used for evaluating the mechanisms of cholangiocyte hyperplasia (3, 18, 21, 24, 37) , there is an increase in ductal mass (3, 18, 24, 37) and secretin-stimulated cAMP levels (20, 24, 37, 40) . Conversely, in rats treated with CCl 4 there is damage of large, cAMP-responsive cholangiocytes and loss of secretin-stimulated cAMP levels (20, 24, 37, 40) . In humans, cholangiocyte proliferation occurs in biliary obstruction, in chronic cholestatic liver diseases, and in many forms of liver injury (5, 9, 36) . Cholangiopathies share common pathological features such as the damage of intrahepatic bile ducts and the proliferation of residual ducts (as a mechanism of compensatory repair to maintain biliary homeostasis), but they evolve toward ductopenia, which represents the terminal stage of the disease (5, 9, 36) .
Information on the role of FSH in liver pathophysiology is limited (10, 28, 64) . A study has demonstrated that liver 1-100 ng/ml with 0.2% BSA) for 24 h. FSH significantly increased the growth of NRICC in a dose-dependent manner. FSH stimulation of NRICC proliferation (at 100 ng/ml of FSH) was blocked by preincubation with H89 (10 M) and PD98059 (10 nM) but not PTX (1 g/ml). Data are means Ϯ SE of 7 experiments. *P Ͻ 0.05 vs. its corresponding basal value. C: evaluation of cholangiocyte proliferation (by immunoblotting analysis for PCNA) in NRICC stimulated with 0.2% BSA (basal) or FSH (100 ng/ml for 30 and 60 min and 3 and 6 h at 37°C) in the absence or presence of H89 (10 M), PD98059 (10 nM), or PTX (1 g/ml). FSH stimulation of NRICC proliferation was blocked by preincubation with H89 and PD98059 but not PTX. Data are means Ϯ SE of 8 blots. *P Ͻ 0.05 vs. its corresponding basal value. D: measurement of ERK1/2 and Elk-1 phosphorylation in NRICC stimulated with 0.2% BSA (basal) or FSH (100 ng/ml) for 6 h (in the absence or presence of H89 and PD98059). FSH-induced increase in the phosphorylation of ERK1/2 and Elk-1 was blocked by H89 (10 M) and PD98059 (10 nM). Data are means Ϯ SE of 6 blots. *P Ͻ 0.05 vs. corresponding basal values.
cirrhosis is associated with endocrine dysfunction, notably in the gonadal axis (28) . Patients with liver failure have low levels of LH and FSH (11) . In fact, gonadotropin deficiency occurs with liver damage and in some patients with hemochromatosis (16) . These findings suggest that the hypogonadism is primary in most patients with cirrhosis (10) . The derangement of hypothalamic-pituitary function may play a role in the sexual dysfunction and changes in sex hormones in male We have shown for the first time that the biliary epithelium expresses FSHR and that FSH is a trophic factor for the biliary epithelium since chronic administration of FSH to rats increased cholangiocyte proliferation and intrahepatic ductal mass by cAMP-dependent phosphorylation of ERK1/2 and Elk-1. In support of the findings that chronic administration of FSH increases cholangiocyte FSH receptor expression, it has been demonstrated that FSH treatment induces follicular growth and ovulation, together with an increase in FSH binding and mRNA levels in ovaries (35) . In addition, another study has demonstrated that 1) the inclusion of FSH in the rat granulosa cells culture medium prevented the decline in FSHR mRNA levels in a dosedependent manner (59) and 2) treatment of these cells with FSH increases the levels of two FSH receptor mRNA transcripts (59) .
A number of studies have shown that factors sustaining biliary proliferation (including acetylcholine and forskolin) increase cholangiocyte cAMP levels and cAMP-dependent signaling (20, 37) . Conversely, inhibition of cholangiocyte proliferation by octreotide (46) , RAMH (an H3 histamine receptor agonist) (18) , interruption of cholinergic innervation by vagotomy (37), or adrenergic denervation (by 6-hydroxydopamine) (23) induces a decrease in cholangiocyte cAMP levels and cAMP-dependent signaling pathways (18, 23, 24, 37, 46) . The key role of cAMP signaling in the regulation of cholangiocyte growth is further supported by the in vivo treatment of normal rats with the adenylate cyclase stimulator forskolin (20) , which alone increases cholangiocyte proliferation and phosphorylation of PKA and ERK1/2 (20) . Our present findings support the concept that activation of cAMP/ ERK1/2/Elk-1 signaling is key in FSH stimulation of cholangiocyte proliferation, since FSH increases both in vivo and in vitro cAMP (but not IP 3 ) levels. Parallel to our findings, studies in other cell types have shown that the effects of FSH are mediated by the activation of cAMP-dependent signaling pathways (13, 55, 56) . In vitro, FSH-stimulated cAMP and Fig. 6 . A: evaluation of FSH levels in the supernatant of short-term cultures (6 h) of cholangiocytes from normal and BDL female rats. Normal female cholangiocytes secrete FSH; FSH expression increased in cholangiocytes from normal female rats treated with FSH and BDL female rats compared with normal rats. The administration of antide or anti-FSH antibody to female BDL rats decreased cholangiocyte FSH secretion compared with cholangiocytes from BDL rats treated with nonimmune serum. In the second graph, it is represented the message for FSH expressed by female cholangiocytes and hepatocytes. Data are means Ϯ SE of 7 evaluations. *P Ͻ 0.05 vs. FSH levels of female cholangiocytes from normal rats treated with NaCl. #P Ͻ 0.05 vs. FSH levels of female cholangiocytes from BDL rats treated with nonimmune serum. For real-time PCR, data are means Ϯ SE of 3 experiments. B: the same measurement of FSH levels in the supernatant of short-term cultures (6 h) of cholangiocytes from normal and BDL male rats and NRICC. As noted previously, also normal male cholangiocytes secrete FSH and its expression increased in cholangiocytes from normal male rats treated with FSH and BDL male rats compared with normal rats. The administration of antide or anti-FSH antibody to male BDL rats decreased cholangiocyte FSH secretion compared with cholangiocytes from BDL rats treated with nonimmune serum. Bottom graph represents the message for FSH expressed by male cholangiocytes, hepatocytes, and NRICC. Data are means Ϯ SE of 7 evaluations. *P Ͻ 0.05 vs. FSH levels of male cholangiocytes from normal rats treated with NaCl. #P Ͻ 0.05 vs. FSH levels of male cholangiocytes from BDL rats treated with nonimmune serum. For real-time PCR, data are means Ϯ SE of 3 experiments. C: effect of cholangiocyte supernatant (containing FSH) on NRICC proliferation (evaluated by MTS assay after 24 h of incubation) in the absence or presence of anti-FSH antibody. When NRICC were incubated with the supernatant of BDL cholangiocytes, there was a significant increase in cholangiocyte proliferation, which was partially blocked by preincubation with neutralizing anti-FSH antibody; a similar but smaller effect was found with normal cholangiocyte supernatant (containing less FSH). Data are means Ϯ SE of 7 experiments. *P Ͻ 0.05 vs. its corresponding basal value. #P Ͻ 0.05 vs. the corresponding value of NRICC treated with supernatant from female or male normal and BDL cholangiocytes.
proliferation were found to be PTX insensitive, supporting the coupling of FSH to G␣ s . PTX catalyzes the ADP ribosylation of G␣ i , causing the uncoupling of G␣ i from G protein-coupled receptors (48) . As expected, we found that FSH-induced cAMP levels and proliferation were PTX insensitive. These data confirm that the FSH receptor is coupled to G␣ s in our studies. Although our findings differ from those of Gorczynska et al. (29) concerning the cross-talk between cAMP and Ca 2ϩ in Sertoli cells after stimulation with FSH, we did not find alterations in IP 3 /Ca 2ϩ signaling in the present studies. Thus we did not address the role of FSH in the interaction between Ca 2ϩ and cAMP signaling, as shown in these studies in Sertoli cells (29) , and our previous studies in cholangiocytes (after serotonin treatment) (45) .
To better understand the role of FSH in the regulation of cholangiocyte functions, we administered in vivo a neutralizing anti-FSH antibody (47) to female and male BDL rats for 1 wk and demonstrated that this treatment reduces cholangiocyte mitosis and intrahepatic ductal mass concomitant with increased biliary apoptosis. These findings (demonstrating that apoptotic cell death by blockade of the gonadotropin action by immunoneutralization (54). Thus we treated BDL rats with antide, a third-generation Gonadotropin-releasing hormone (GnRH) antagonist (that inhibits gonadotropin secretion) (43) and demonstrated inhibition of cholangiocyte proliferation and increased apoptosis similar to what was observed with anti-FSH antibody. Parallel to our findings, antide has been shown to have antiproliferative effects by binding to GnRH receptor, which results in termination of receptor function (34) . Furthermore, several in vitro studies in cell lines have shown inhibition of tumor cell growth by GnRH agonists and antagonists in a dose-and time-dependent manner (49, 53, 65) .
We next performed studies to determine whether cholangiocytes express FSH and secrete FSH, thus regulating cholangiocyte growth by an autocrine mechanism. Indeed, we show that 1) both cholangiocytes and NRICC express and secrete FSH and 2) FSH secretion increased in female and male cholangiocytes from BDL rats compared with normal cholangiocytes. These findings support our previous studies demonstrating that cholangiocytes synthesize and secrete a number of growth factor such as nerve growth factor, VEGF, prolactin, and progesterone (21, 22, 25, 58) . To shed light on the potential autocrine signaling mechanism, we demonstrated that supernatants of primary cultures of normal and BDL (containing more FSH than normal cholangiocytes) cholangiocytes stimulate NRICC proliferation. This proliferative response (induced by FSH present in the cholangiocyte supernatants) was partly blocked by a preincubation with an anti-FSH antibody. The partial blockage of proliferation is most likely due to other growth-promoting factors (e.g., nerve growth factor, NGF, VEGF, prolactin, and progesterone) secreted by cholangiocytes (21, 22, 25, 58) . We observed that FSH levels increase in BDL supernatants compared with supernatants from normal cholangiocytes. The proliferative response induced by normal and BDL supernatants was partially blocked by anti-FSH, indicating that FSH is an important factor in cholangiocyte growth in vitro. As conclusive evidence that FSH plays a key role in sustaining cholangiocyte proliferation by an autocrine mechanism, we have knocked down the FSH gene in NRICC and demonstrated that lack of FSH in cholangiocytes leads to loss of proliferative capacity and enhanced apoptosis. In support of the growth-promoting effects of FSH on the biliary epithelium, other studies have shown that other pituitary hormones, such as growth hormone (12, 63) and prolactin (58) , sustain cholangiocyte proliferation. Although FSH (expressed and secreted by hepatocytes) may modulate cholangiocyte growth by a paracrine mechanism, our studies support the novel concept that FSH is a key player in the autocrine loop regulating the balance between cholangiocyte proliferation and loss.
Our findings have important pathological implications since modulation of cholangiocyte expression and secretion of the trophic factor, FSH, may be important in the management of chronic cholestatic liver diseases regulating the balance between cholangiocyte growth and loss. 
